Tungsten is being considered as a potential plasma-facing material for future fusion devices, primarily due to its low erosion rate and high heat resistance. The intrinsic problem of this material, the brittleness even at elevated temperatures, requires the development and assessment of new tungsten materials.
Introduction
In current fusion reactor design studies such as the European Power Plant Concept Studies, tungsten is considered to be the most promising material for armour as well as for some structural material applications.
This is due to favourable properties such as its low yield for physical sputtering by hydrogen isotopes and its high-temperature strength. Tungsten does, however, also suffer from some material problems. One of its intrinsic problems is the brittleness even at higher temperatures and especially after recrystallization. This, for instance, requires material development activities to improve the ductility. Furthermore, the JNM-D-11-00834_final_open accsess.doc, 1/10 investigation of the surface morphology modification of W, occurring during high heat flux (HHF) loading using H and He particles, which simulates the expected operation conditions of fusion devices, is indispensable in order to develop reliable plasma-facing materials (PFMs) for long-term operation. Effects of surface erosion, gas retention, and cavity formation depend on both the loading conditions and the operating temperature.
In the frame of the European material development programme for fusion power plants beyond ITER, a number of differently manufactured W and W alloys are assessed in the Garching Large DIvertor Sample test facility (GLADIS) at 10 MW m -² cyclic heat load. GLADIS uses neutral beams to generate the HHF loading. Pulse durations of 30 s were applied on actively water-cooled samples to achieve particle fluences of up to 3 × 10 25 m -2 under stationary temperature conditions. 
Investigated samples
An overview of the tested W materials and their manufacturing details is given in [5] , were brazed onto a cooling structure made of Ti-Zr-Mo alloy (TZM). The design of the PIM mock-up was adapted to achieve a surface temperature of about 1700°C (1973 K) for 10 MW m -² loading.
The PIM process to produce such samples begins with compounding the moulding mass, the so-called feedstock that consists of about 50-52 vol% polymer binder and a binary W powder mixture of two particle JNM-D-11-00834_final_open accsess.doc, 2/10 sizes of 1.7 µm and 0.7 µm Fisher Sub-Sieve Size at a ratio of 50:50 (Table 2) . To shape the so-called green parts, the feedstock is injected into a closed tool with a cavity that consists of feeder and runner systems and moulds having the inverse shape of the green parts. After this thermoplastic shaping process, the green parts are released from binders and become the so-called brown parts, which are then sintered to dense products at about 1650°C (1923 K) for W. The sintering is followed by hot isostatic pressing to improve the compaction of the microstructure of the material, resulting in a final density of up to 98% of the theoretical density. 
Sample

Loading conditions in GLADIS
The neutral beam facility GLADIS operates with an H, He or mixed H/He beam and has the capability to apply heat fluxes ≤45 MW m -² for 45 s pulse length [6] . The full width of the Gaussian beam at 80% central power density is 70 mm. The orientation of the loaded surface is perpendicular to the beam axis.
The surface temperature was recorded with pyrometers and with an IR camera; sample bulk temperatures were measured by thermocouples. A two-colour pyrometer was used in the temperature range between All experiments were performed at 28 kV acceleration voltage and 10 MW m -² heat flux. In the case of pure H loading, the ion species distribution resulted in target loading with 22% H atoms of full energy (E=28 keV), 43% of ½ E and 35% of 1/3 E. The mean particle energy is 15 keV. Hα Doppler spectroscopy was used to determine the energy and species distribution of the incident particles. The applied particle ratio of the mixed 94 H/ 6 He beam is based on the measured extraction current and the "source efficiency" of the ion source according to the method described in reference [7] . Only the Doppler shift from He + was spectroscopically identified for the He fraction. An H species distribution similar to that of pure H operation is assumed.
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The main experimental data including atom fluxes, exposure times and applied fluences are summarised in Neglecting small differences in the surface temperatures, it must be concluded that the loading conditions listed above were identical for the two experiments, with the only difference being the particle species delivering the heating power and the fact that the electron beam loading is applied by a scanned beam, whereas the neutral beam provides a stationary and homogeneous loading. The evolution of the sample with pulse number, however, is completely different: Irrespective of the W grade and the loading particle species, none of our samples shows any near-surface modification ranging deeper than a few microns. We did not observe any cracks. Reference [8] , however reports severe crack formation up to a depth of several hundred microns.
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The difference in the results of these experiments applying similar power loads and surface temperatures requires an explanation. One possibility would be the energy reflection of the samples with respect to the impinging particle species: For an H or He beam the reflected energy at normal incidence is in the range of a few percent [10] . For an electron beam of tens of keV, however, nearly 50% of the incident power is reflected [11] . An existing crack running perpendicular to the surface may locally lead to the absorption of a substantially larger fraction of the incident power compared to a smooth surface, if electrons are multiply scattered by the crack walls until they are finally absorbed. This local overheating might lead to crack growth. The very high local heat flux during the beam scanning of the electron beam could even amplify this damage process.
In case of neutral beam loading with energetic H or He atoms, an existing surface crack, however, would change the local power absorption only marginally.
Therefore the strong crack growth reported in Ref. [8] might be due to a self-amplification mechanism inherent to the interaction of energetic electrons with W surfaces. Similar crack formation and growth with increasing pulse number was reported for electron beam testing of bulk W at 7-9 MW m -² in the literature, however with higher resulting peak surface temperatures and without active cooling [12] .
Thermally induced grain growth
The 
3.3.
Surface and near-surface modifications due to particle bombardment
Hydrogen loading
For the hydrogen-loaded samples no blistering is observed. The only subsurface modifications found after the tests are a few small cavities with diameters in the 10 nm range at depths of around 200 nm, i.e. around twice the average implantation depth. The H particle implantation depth between 40 and 110 nm for the above-mentioned energies is calculated according to the National Institute of Standards and Technology stopping power and range tables [13] .
The surface modifications of the samples are dominated by grain growth after recrystallization and physical sputtering patterns.
We have never observed any thermally induced cracks growing into the bulk material, neither for the samples loaded to 1500°C (1773 K) nor for the samples loaded to 2000°C (2273 K).
94 H/ 6 He loading
The samples loaded with a 94 H/ 6 He mixture show very significant changes of the surface and subsurface morphology. Qualitatively there is no significant difference between the samples loaded to 1500°C (1773 K) and those loaded to 2000°C (2273 K). For both temperatures the surface morphology obtained JNM-D-11-00834_final_open accsess.doc, 7/10 after 94 H/ 6 He loading resembles more the case of pure He loading than that of pure H loading. Images of He loaded W surfaces are given in reference [4] .
In a combination of surface imaging and focussed-ion-beam (FIB) cross sectioning, Figure 4a shows the typical surface morphology after completion of the loading program: a smooth, wavy structure on the micron-scale together with submicron pores. As the cross-sectional part together with its magnification in As we are not reporting any gas desorption measurements in this manuscript, we cannot make a statement whether cavities are gas-filled bubbles or not. Therefore we use "cavity" in a general sense.
A quantitative analysis of the cavity size distribution reveals distinct differences for the two surface temperature regimes, as shown in Figure 5 : With the class sizes employed, the 1500°C (1773 K) data show a bimodal size distribution with two maxima: one below 50 nm and another around 150 nm. In the 2000°C (2273 K) data there is a clear shift of the distribution to a larger number of smaller cavities and fewer larger cavities (The analysis shown in Figure 5 is based on magnifications that cannot obtain conclusive data on cavity sizes below 20-30 nm.). Such an observation is contrary to what one would expect from pure annealing effects on He-implanted samples. In such a situation the so-called Ostwald ripening is expected to increase the fraction of larger cavities at the expense of the smaller ones upon temperature increase. This can be understood, when assuming a gas pressure in the bubbles that scales with the inverse bubble radius and is in thermodynamic equilibrium with the solute phase [14, 15] . The fact that we observe the contrary behaviour here with respect to the surface temperature may be attributed to a number of reasons: In our cases, there is no simple annealing of a He population in W. Instead, there is a discontinuous flux of H and He particles impinging during the annealing time. Additionally, the sample surface is under compressive stress during the heat loading due to the thermal expansion of the hot surface. Ref. [14] points out that a stress field can be a cause for a bimodal size distribution under certain conditions. Finally, in the present case the samples are being loaded simultaneously with two different species of strongly differing mobilities and solubilities in W [16] , i.e. H and He, which might also be a cause for a bimodal structure of the cavity size distribution.
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Summary and outlook
High heat flux tests on four different types of W materials have been reported. In all cases substantial grain growth was observed after less than one hour at temperatures of 1500°C (1723 K) and 2000°C (2273 K) respectively. For the heavily deformed materials a preferential grain elongation disappeared at 2000°C (2273 K).
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For H loading no substantial change of the surface and near-surface morphology occurred. We therefore assume that the main erosion mechanism for loading with pure hydrogen is physical sputtering. For loading with a 94%/ 6% mixture of H and He, the He already seem to dominate the evolution of the surface morphology. Since a strong structuring of the near-surface region occurs in this case with a wavy structure containing a lot of cavities of various sizes, physical sputtering alone might not be the prevailing erosion mechanism here. A detailed study of the gross erosion rate under the various loading conditions, however, is still outstanding.
For all of the four materials investigated in this study, none of the applied loading conditions led to the development of cracks extending from the surface into the bulk of the material as was the case in electron beam HHF studies.
